ABSTRACT: Discerning the factors that control the reactivity of high-valent metal-oxo species is critical to both an understanding of metalloenzyme reactivity and related transition metal catalysts. Computational studies have suggested that an excited higher spin state in a number of metal-oxo species can provide a lower energy barrier for oxidation reactions, leading to the conclusion that this unobserved higher spin state complex should be considered as the active oxidant. However, testing these computational predictions by experiment is difficult, and has rarely been accomplished. Herein we describe a detailed computational study on the role of spin state in the reactivity of a high-valent manganese(V)-oxo complex with para-Z substituted thioanisoles, and utilize experimental evidence to distinguish between the theoretical results. The calculations show an unusual change in mechanism occurs for the dominant singlet-spin state that correlates with the electron-donating property of the para-Z substituent, while this change is not observed on the triplet spin state. Minimum energy crossing point calculations predict small spin-orbit coupling constants making the spin state change from low-spin to high-spin unlikely. The trends in reactivity for the para-Z substituted thioanisole derivatives provide an experimental measure for the spin state reactivity in manganese-oxo corrolazine complexes. Hence, the calculations show that the V-shaped Hammett plot is reproduced by the singlet surface, but not by the triplet state trend. The substituent effect is explained with valence bond models, which confirm a change from a nucleophilic to electrophilic mechanism through a change of substituent.
Metal-oxo complexes are proposed to be the active species in enzyme catalyzed water oxidation, energy utilization, drug metabolism, and many other vital functions of organisms. 1 One particular class of enzymes with great relevance to biocatalysis and biodegradation are the cytochromes P450, which in the human body have functions that give them their primary purpose in the metabolism of harmful xenobiotics (drugs), as well as in the synthesis of hormones.
2 These enzymes form a high-valent iron(IV)-oxo heme cation radical as the active oxidant that performs a versatile set of reactions efficiently.
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While metal-oxo complexes are generally thought to reside in their lower spin states in these hexacoordinated heme structures, actually the iron(IV)-oxo species in pentacoordinated nonheme enzymes typically exhibits a high-spin state. 4 It has been argued that the spin state of the metal-oxo oxidants determines its reactivity pattern with substrates. 5 Over the years a range of biomimetic model complexes have been designed that mimic the active features of enzymatic systems. 6 A number of the former studies characterized an active metal-oxo oxidant, which is often found in an intermediate-spin iron(IV)-oxo or low-spin manganese(V)-oxo state. 7, 8 It has been proposed from computational studies that in many cases the active species that reacts with substrates is, in fact, an excited high-spin state of the metal-oxo species generated from spin crossover from the lower spin ground state. 9 This proposal arises because the excited high-spin state is often calculated to give a lower-energy barrier for the activation of substrates, providing a possible faster reaction pathway.
Experimental methods to test these computational predictions are rare. Recent work on C-H activation by nonheme Fe IV (O) complexes has shown that experimental kinetic isotope effects (KIEs) can serve as a potential probe for the reactive spin state of iron-oxo species. 10 For example, very large, nonclassical KIEs observed for the C-H activation reactions of two nonheme Fe IV (O) complexes matched calculations for the lower S = 1 Fe IV (O) spin state, but did not fit for the higher S = 2 excited state. It was concluded that reactivity occurred along the S = 1 spin state pathway, even though the quintet state was calculated to yield a lower reaction barrier.
10c Although this recent analysis of observable KIEs has provided some experimental measure of spin state/reactivity correlations for C-H activation, an experimental test regarding spin state reactivity in the other major class of biomimetic oxidations, oxygen-atom-transfer reactions, has yet to be described. In addition, there are no reports, to our knowledge, discussing direct experimental evidence that can distinguish between possible reactive spin states in high-valent manganese-oxo, as opposed to iron-oxo, complexes.
Particularly useful for the studies of manganese(V)-oxo complexes are the porphyrinoid ligand systems corrole and corrolazine, 8, 11 which are able to stabilize metals in high oxidation states. Work of our groups established that a low-spin manganese(V)-oxo porphyrinoid complex [Mn V (O)(TBP 8 Cz)], TBP 8 Cz = octakis(p-tertbutylphenyl) corrolazinato 3− , underwent a drastic rate enhancement in hydrogen-atom abstraction reactivity upon the addition of anionic axial ligands (X -) such as cyanide or fluoride. 12 In a separate computational study, our conclusions regarding this low-spin Mn V (O) reactivity were questioned, and it was suggested that the reactant state had a close lying triplet spin conformation that was more likely the reactive state. 13 A similarly large increase in reactivity for oxygen-atom-transfer (OAT) reactions was seen upon addition of X -to [Mn V (O)(TBP 8 Cz)] and reported in two separate studies. 14 In one of these studies, [Mn V (O)(TBP 8 Cz)(CN)] -was reacted with derivatives of seven para-Z-substituted thioanisoles, and a Hammett analysis involving the measure of reaction rates versus the  P Hammett parameter of the para-Z substituent was conducted (lower part of Scheme 1) . 14a The obtained plot shows a surprising V-shaped pattern, whereby a negative slope is observed for electron-donating substituents, but a positive slope is seen for electron-withdrawing substituents. This observation was explained by differences in reaction mechanism, in which the former substrates reacted through an electrophilic pathway while the latter substrates reacted through a nucleophilic pathway. However, the role of spin state in these OAT reactions, and, in particular, the unusual V-shaped Hammett plot, was not examined in this earlier work.
Herein we describe a detailed density functional theory (DFT) and ab initio study on the spin-state reactivity of [Mn(O) (H 8 
Cz)(CN)]
-with para-Z substituted thioanisole substrates, whereby we expanded the substrate range to eight substrates (top part of Scheme 1). This study shows that the V-shaped Hammett plot provides a direct, experimental measure of the reactive spin state pathway for OAT in a high-valent manganese-oxo complex. The experimental and computational findings point to direct sulfoxidation on a dominant low-spin singlet pathway, even though an excited state triplet pathway provides an apparent lower reaction barrier. The experimentally determined Hammett plot for para-Z-thioanisole sulfoxidation by [Mn V (O)(TBP 8 Cz)X] -provides, to our knowledge, the first experimental evidence of singlet spin reactivity and the lack of spin crossing to a higher spin state surface in a high-valent manganese-oxo complex. 
Methods.
Calculations were performed using the Orca (version 3.0.3) and Gaussian-09 computational chemistry software packages. 15 Our model uses a corrolazine macrocycle (Scheme 1) with the peripheral aryl substituents replaced with hydrogen atoms (H 8 Cz), as previous work showed that the peripheral groups on porphyrin scaffolds have little influence on the spin state ordering and relative energies. 16 Reactivities with para-Z-substituted thioanisoles were calculated for Z = N(CH 3 ) 2 , NH 2 , OCH 3 , CH 3 , H, Br, CN and NO 2 . The work was aimed at establishing whether the reaction mechanisms are electrophilic or nucleophilic and how the intrinsic chemical properties of oxidant and substrate affected these reactivity differences. The nature of all transition states, and, in particular the singlet spin transition states, was established (i) through frequency calculations that gave a single imaginary mode for the S- O bond formation and (ii) intrinsic reaction coordinate (IRC) scans in both the forward and reverse directions. The latter unequivocally connected the transition states to the reactants in one direction and to products in the opposite direction.
Enthalpies of activation of the chemical reactions are compared to experimental data reported previously. 14a However, it should be noted that generally gas-phase calculations overestimate the entropy of activation and often find higher values than experiment. As such, previous experience of calibrating oxygen transfer reactivities against low-pressure gas-phase measured rate constants gave a better correlation with enthalpies of activation, 17 which we will adopt here.
All initial geometry optimizations (including transition state geometry optimizations) were performed without constraints and used the hybrid generalized gradient approximation (GGA) functional B3LYP that includes the VWN5 local density approximation. 18 Relativistic small effective core potential basis sets SDD or LACVP were used on Mn and the all-electron 6-31G(d), on the rest of atoms: basis set BS1. 19 Long range dispersion interactions were applied using the D3 procedure of Grimme et al. 20 Geometry optimizations were followed by a frequency calculation at the same level of theory and confirmed all structures as local minima or first-order saddle points (transition states). Using Orca, energies were calculated from single point calculations at the UB3LYP/BS1 optimized geometries using a correlation-consistent basis set of triple- quality (cc-pVTZ) on Mn and cc-pVDZ on the rest of the atoms: basis set BS2. The resolution of identity (RI) approximation to the Coulomb integrals was used with corresponding auxiliary basis sets, as implemented in Orca. The integration grid was increased from 3 to 4 (Orca notation) to increase numerical accuracy. Single point energy calculations on all the optimized structures were also performed using the hybrid meta-GGA functional TPSSh with 10% HF exchange and the D3 dispersion correction. 20, 21 A similar protocol was followed for the results obtained using the Gaussian software program, although it uses the VWN3 local density approximation in B3LYP, furthermore, these calculations utilized the triple- quality LACV3P+* on the Mn (with core potential) and 6-311+G* on the rest of the atoms: basis set BS3. Generally, these studies confirmed the B3LYP obtained landscape and conclusions and did not deviate significantly. Solvent effects were included in Orca by applying the conductorlike screening model (COSMO) with a dielectric constant of 26.0 and probe radius of 1.528Å mimicking benzonitrile. 22 An implicit solvent correction in Gaussian was included using the polarized continuum model (CPCM) with a dielectric constant of  = 35.688 mimicking acetonitrile.
To test the accuracy and reproducibility of the density functional methods, a range of test calculations with alternative density functional methods and the def2-TZVPP basis set (BS4) were performed, including BP86, 23 BLYP 18b,23a PBE, 24 B3LYP, 18 PBE0, 25 and TPSSh. 21 In addition, the spin-state ordering of the [Mn(O)(H 8 Cz)(CN)] -complex was investigated using the complete active space self-consistent field (CASSCF) calculations in Orca. Dynamic correlation was recovered by following these CASSCF studies with the N-electron valence second-order perturbation theory (NEVPT2) correction on the converged multiconfigurational wavefunctions with basis set BS5 (cc-pVTZ/cc-pVDZ). Due to the size of our chemical system, the NEVPT2:CAS studies were performed at single point energy level on the UB3LYP/BS1 optimized geometries of the reactant complexes only. The resolution of identity approximation and the chain-of-sphere approximation (RIJCOSX) were applied to the Coulomb and exchange correlation, respectively, with density fitting auxiliary basis set corresponding to each atomic basis set throughout the calculations below.
Single point energies were calculated on the triplet spin state of the optimized singlet spin transition state geometry using B3LYP. The ZORA Hamiltonian with the model potential due to Van Wuellen 26 was used to account for the relativistic effect along with the segmented allelectron relativistically recontracted version of basis sets def2-TZVPP. 27 The Ahlrichs (2df,2pd) polarization functions were obtained from the Turbomole basis set library 28 for Mn, while the def2-SVP basis set 27 was employed on the rest of atoms. The resolution of identity (RI) and the chain-of-sphere approximations were used for the Coulomb and Exchange correlation, respectively. Spin-orbit coupling constants (SOC) were calculated on the converged unrestricted natural orbitals using the spin-orbit mean field Hamiltonian including 1-electron term and local DFT correlation including VWN5. 29 Coulomb terms were computed with the RI approximation and the exchange terms were computed with one-center exact integrals including the spin-orbit interaction.
Results and Discussion.
Density functional theory (DFT) methods sometimes struggle with the correct description and spin-state ordering of transition metal complexes, and in particular of manganese complexes. 30 In this work a series of test calculations were performed with a variety of density functional and ab initio methods, and the results compared with experimental (spectroscopic) data. It should be noted that computational methods that better reproduce experimental crystal structure coordinates are often not the preferred methods for reproducing reaction rates, as was found previously. 31 We undertook an extensive benchmarking study of the [Mn(O)(H 8 Cz)(CN)]
-complex using a range of density functional and ab initio methods, particularly aimed at establishing the amount of Hartree-Fock exchange interaction needed in the calculations. Optimized geometries were compared against the reported structural parameters from X-ray absorption spectroscopy (XAS) published previously 14a and calculated using a variety of density functional methods. An overview of the full account of the results is given in the Supporting Information (Tables S1 -S4 ). In general, the results lead to the conclusion that the BLYP and TPSS density functional methods perform consistently better than alternative pure density functional methods for matching the metrical parameters obtained from XAS (Table S1 , Supporting Information). TPSS performed slightly better than BLYP as expected according to the Jacob's ladder scheme. 32 Among all three hybrid density functional methods, B3LYP performed the best except in Medium Absolute Deviation. It is surprising that B3LYP performs better than TPSSh for two reasons: (1) B3LYP contains a larger amount of HF exchange and (2) has a better parametrized correlation functional. Based on these results, therefore, we continued the studies with hybrid density functional methods only. The effective core potential-all electron basis set combination SDD/6-31G(d) excelled compared to the other two combinations tested in agreement with previous findings.
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Spin state ordering and electronic ground state of [Mn(O)(H 8 Cz)(CN)]
-. It is sometimes difficult to calculate excited states and spin state ordering by DFT, because it is formally a ground-state theory. As a consequence, different density functional methods can give inconsistent results, especially for transition metal complexes where near-degeneracy of the d-orbitals pose a difficulty for this single-determinant theory. 30 The exchange-correlation term is different for each density functional method and its value determines the energy associated with electron pairing. Therefore, the correct choice of DFT method influences the obtained results and is extremely important in determining spin state ordering, where many close lying spin states are present.
Indeed, Shaik and coworkers have previously demonstrated that the spin state ordering of [Mn(O)(H 8 Cz)] could vary greatly with different exchange-correlation potentials and/or the amount of HF exchange included. 13 They also suggested that the spin ground state of
-should be the triplet spin state as opposed to the experimentally determined singlet spin state of the parent five-coordinate complex. To highlight the spin accessibility and the electronic possibilities of the
-reactant complex, we show highlying occupied and low-lying virtual orbitals in Scheme 2.
The metal orbitals form bonding and antibonding combinations with orbitals on the first-coordination sphere ligands. In the xy-plane, the 3d x 2 -y 2 orbital on Mn mixes with 2p orbitals on the nitrogen atoms of the corrolazine ring to give the  x 2 -y 2/* x 2 -y 2 pair of orbitals, whereas the nonbonding  xy orbital lies in between the nitrogen atoms. Along the z-axis, the 3d z 2 orbital on Mn mixes with the 2p orbital of oxygen to form the  z 2/* z 2 orbitals, whereas the 3d xz /3d yz orbitals form -type interactions with the 2p x /2p y orbitals to give the  xz /* xz and  yz /* yz pair of orbitals. In addition, there are several high-lying -orbitals on the corrolazine ligand and the a" shape is shown in Scheme 2. This highly dispersed orbital shows similarity to the a 1u orbital in heme structures. 34 The experimental evidence indicates a closed-shell singlet ground state ( 1 A LS ) for manganese(V)-oxo corrolazine complexes. However, the a" orbital can become singly occupied through valence tautomerism upon binding of a Lewis acid such as Zn 2+ to the oxo ligand, stabilizing a 3 A" electronic state. 35 These findings suggest that the orbital manifold is close in energy and various ground states could be accessible dependent on the local environmental conditions.
In the closed-shell singlet spin state ( -are expected to be close in energy we decided to investigate their spin state ordering and relative energies using various computational models. Although we attempted to characterize the 3 A" as well, which would represent an Mn IV π-cation-radical configuration, it was not low enough in energy for any of the systems examined to play a key role in reactivity. The results obtained for the DFT methods are summarized in Table 1 , while raw data can be found in Tables S1 -S5 (Supporting  Information) . Thus, the [Mn(O)(H 8 Cz)(CN)]
-complex was optimized in the singlet and triplet spin states using BLYP, TPSS and B3LYP methods. The pure density functionals (BLYP and TPSS) give almost identical geometries with a short Mn-O distance below 1.6Å in the singlet spin state that implicates a Mn-O triple bond. By contrast, due to additional antibonding character through occupation of the * xz orbital in the triplet spin state the Mn-O distance is elongated to 1.66 Å. At the B3LYP level of theory, the singlet spin state has a somewhat shorter Mn-O distance of 1.55 Å in the singlet spin state, but a considerably larger one in the triplet spin state of 1.78 Å. The group spin densities and orbital occupations, however, shows that the B3LYP optimization led to the 3  HS state, whereas the pure density functionals gave the 3  LS state instead. As a consequence of occupation of an extra * orbital in the 3  HS state the Mn-O distances are significantly elongated as compared those in the 3  LS state. In principle, the 3  HS state has two singly occupied * orbitals for the MnO interaction, which would result in significant oxyl radical character. By contrast, in the 3  LS state only one * orbital is singly occupied and the oxyl character will be significantly less than in the 3  HS state.
In order to obtain an accurate value of the singlettriplet energy gap and the nature of the lowest triplet spin configuration, we decided to study this chemical system with a method that allows accurate description of multiconfigurational systems, namely the complete active space self-consistent field (CASSCF) method followed by the N-electron valence state second-order perturbation theory (NEVPT2) that accounts for dynamic correlation. The CASSCF calculations utilized either an active space of eight electrons in seven molecular orbitals or twelve electrons in eleven molecular orbitals, i.e. CAS(8,7) or CAS (12, 11) . The smallest CAS space contained the three oxygen 2p orbitals, four manganese 3d orbitals (3d xz , 3d yz , 3d x2-y2 and 3d z2 ), whereas the larger CAS space included also the HOMO-1, HOMO, LUMO and LUMO+1 orbitals on the H 8 Cz moiety. Due to the size of the chemical system, we were unable to do a geometry optimization at the NEVPT2:CAS level of theory and consequently ran single points on DFT optimized geometries (either B3LYP or BLYP) only. Table 2 gives NEVPT2:CAS calculated singlet-triplet energy splitting as well as the unpaired spin population from CASSCF on the MnO group. In agreement with the DFT results (except PBE0) from Table 1 , the singlet spin state is the ground state and well lower in energy than the triplet spin state. The result of the larger CAS(12,11) calculation is almost identical to that found for the CAS(8,7), with the triplet spin state about 8 kcal mol -1 higher in energy. Therefore, the high-lying occupied and low-lying virtual corrolazine orbitals had little contribution to the singlet-triplet splitting. In addition, the radical character in the triplet spin states implicates a situation closest to the -to be the ground state, and use optimized geometries that match the experimentally determined ones by EXAFS methods excellently.
14a However, in order to determine the variation in singlet-triplet energy levels, we did an additional set of calculations on the lowest lying singlet and triplet spin states with variable Mn-O distances. Thus, we performed constrained surface scans using NEVPT2:CAS along the Mn-O bond using B3LYP relaxed geometries. As can be seen from Figure 1 , such constraints should give insight into the adiabatic and diabatic spin-state ordering with varying Mn-O distance. The singlet spin state stays the ground state as the Mn-O bond stretches from 1.50 to 1.75 Å, consistent with the spin-state ordering predicted by pure density functional methods as well as B3LYP. At 1.55 Å, the singlet spin state is the ground state and resides at the minimum point of the singlet PES. At 1.65 Å, the singlet spin state is still the ground state while triplet spin state resides at its minimum point of the triplet PES, consistent with the geometries optimized for the singlet and triplet manganese-oxo species. The triplet and singlet spin states become near-degenerate in the range between 1.75 and 1.85 Å with a spin population of ~2.4 on Mn and ~-0.4 on O. This distance is in line with Mn(IV) species reported in the literature 35 and is the operating bond length during the transition states (vide infra). The triplet spin state becomes the ground state at 1.9 Å in favor of the singlet spin state by ~4 kcal mol -1 with a spin population of 2.5 on Mn and -0.6 on O. At 2.1 Å, the spin population is 2.7 on Mn and -0.8 on O. Therefore, the scan along the Mn-O bond distance confirms that a fully optimized NEVPT2 structure would lie in a low spin ground state, with a significant singlet-triplet energy gap. -system to be in a closed-shell singlet ground state. However, its separation from the nearest triplet spin state is considerably larger than previously thought and of the order of 8 -10 kcal mol -1 , which is at a thermally inaccessible level at room temperature. In addition, the singlet-triplet transition from 1 A LS to 3  HS requires a double electron excitation, one from  xy to * and one from  to *. As such, this is a spin-forbidden process and may not proceed with a large probability. Moreover, the spin distribution gives a slightly favorable 3  LS state over alternative triplet spin states. The only exception came from the CASSCF spin distribution calculated on top of B3LYP-optimized geometry, which features an unusually long Mn-O distance at 1.78 Å. However, surface scans along the Mn-O bond by NEVPT2:CAS rule out the B3LYP-optimized geometry residing on the minimum of the triplet potential surface of 3  LS . B3LYP optimization very likely converged to the higher excited state, the 3  HS , of the triplet state, as evidenced by the corresponding spin populations, owing to the lack of electron correlation from the HF exchange parameters.
- 5 20 -1 . Data calculated at RIJCOSX-TPSSh-D3/def2-QZVPP/ZORA//RIJCOSX-B3LYP-D3/SDD/6-31G(d) in Orca. RC is the reactant complex, TS SO is the sulfoxidation transition state, P SO is the sulfoxide product complex and MECP refers to the minimum energy crossing point between the singlet and triplet spin state.
The pure density functional methods better reproduce the singlet-triplet energy gap found by NEVPT2:CAS compared to the hybrid methods. The spin populations found by NEVPT2:CAS are reproduced well with a BLYP single point on a geometry optimized with a hybrid density functional method. We, therefore, studied the sulfoxidation of para-Z-substituted thioanisoles mediated by [Mn(O)(H 8 Cz)(CN)]
-at different spin states by BLYP and TPSSh on B3LYP optimized geometries. B3LYP is used for geometry optimizations for its success in reproducing experimental rate constants in the literature. 36 TPSSh is also used for reaction energetics for the fact that it is the only hybrid functional that matches the spin-state ordering found by NEVPT2:CAS and is the highest rank on the Jacob's ladder scheme among the functionals tested in the section above. As such, the procedure that is used in the following represents a geometry optimization at B3LYP level of theory followed by a single point calculation using BLYP or TPSSh to obtain more reliable spin state energetics.
Calculated Hammett plots for the reaction of [Mn(O)(H 8 Cz)(CN)]
-with thioanisole derivatives. In previous work, our groups have shown that [Mn(O)(H 8 Cz)(CN)]
-reacts with para-Z-substituted thioanisoles efficiently.
14a The experimentally determined plot of the logarithms of the rate constants of para-Zsubstituted versus para-H-substituted thioanisole reactions, i.e. log(k Z /k H ), did not give a linear correlation with the Hammett constant ( p) of the substituent, but rather a "V-shaped" Hammett correlation, Scheme depending on the nature of the substituent. In particular, it was suggested that a nucleophilic attack on the metaloxo group took place with substrates with electrondonating substituents to give a negative Hammett slope, whereas an electrophilic attack occurred with substrates with electron-withdrawing substituents instead. 14a Interestingly, the axially vacant five-coordinated [Mn V (O)(Cz)] species did not react with any of the para-Z-substituted thioanisoles within a measureable time, and hence a considerable rate enhancement is observed upon binding of the axial ligand.
14b Our work as well as that of Fujii and co-workers 37 showed computationally that such a drastic rate enhancement tracked with the increased stability of the product Mn(III) complex and this thermodynamic driving force extended into the transition state through the Bell-Evans-Polanyi principle. Clearly, a non-linear Hammett plot would correspond to a change in reaction mechanism between substrates with electron-donating and electron-withdrawing para-substituents. We calculated the substrate sulfoxidation of para-Z-substitutedthioanisole (Z = N(CH 3 ) 2 (Tables S7 -S13 ). The sulfoxidation reaction is concerted via a single oxygen insertion transition state TS SO from a reactant complex (RC) and leading to products P SO . These labels are given the subscript for the Zsubstituent for the para-Z-substituted thioanisole substrate used. The mechanism follows previously reported substrate sulfoxidation reactions by analogous chemical systems. 38 In all cases, the isolated reactants and reactant complexes are in a closed-shell singlet ground state and as such the spin state ordering does not change upon the formation of an oxidant-substrate complex RC. However, 1 TS SO,Z is found to be higher in energy than 3 TS SO,Z in all cases and so is the ordering of the product complexes. To confirm the spin state ordering and find the energy splitting of the two transition states, we ran NEVPT2:CAS(8,7) single point on the optimized geometries of 1,3 TS SO,NO2 . These calculations establish that the triplet spin barrier is 4.3 kcal mol -1 lower in energy than the singlet spin state. Furthermore, at the NEVPT2:CAS(8,7) level of theory 3 TS SO,OCH3 had a barrier of 11.8 kcal mol -1 relative to the reactant complex, which is not dramatically different from the values obtained at RIJCOSX-TPSSh-D3/def2-QZVPP/ZORA//RIJCOSX-B3LYP-D3/SDD/6-31G(d).
As such, the barrier heights displayed in Figure 2 match the NEVPT2:CAS(8,7) and experimental values well. Moreover, the high level NEVPT2:CAS(8,7) calculations implicate a much smaller singlet-triplet energy gap in the transition states as initially thought, whereas the gap is considerable in the reactant complexes.
The potential energy landscape covering the two spin states for substrate sulfoxidation by [Mn(O)(H 8 Cz)(CN)]
is schematically depicted at the top of Figure 2 . This mechanism is the same for all substrates investigated here. Thus, there is a substrate sulfoxidation mechanism from isolated reactants via RC and TS SO leading to products on the singlet spin state (grey surface), and there is an analogous pathway on the triplet spin state (green surface). A 3D representation of the potential energy surface is shown in Figure 2 , where the two surfaces are bisected on a spin crossing line, with the lowest energy crossing point the minimum energy crossing point (MECP). The spin transition from singlet to triplet is located on the axis to the left. Thus, the spin crossing seam will have a MECP, where the singlet and triplet energies overlap. As such the landscape will follow a bifurcation pathway, whereby one pathway from singlet spin reactants will directly lead to sulfoxide products via 1 TS SO , whereas the alternative pathway will proceed via a spin-crossover via 1, 3 MECP to the triplet spin state surface followed by sulfoxidation through 3 TS SO en route to products. To find out whether the singlet and triplet spin state surfaces cross and could lead to a spin state change along the reaction mechanism, we calculated minimum energy crossing points (MECP) for the singlet to triplet transitions using the procedures of Harvey.
39 Thus, our MECP calculated singlet-triplet crossing points give chemical structures (see Figure 3 ) that do not lie on the substrate sulfoxidation reaction pathway. In particular, the sulfur atom of the substrate is oriented away from the terminal oxo ligand and there is no S-O bond formation. Instead, the MECP structures show a weak (hydrogen bonding) interaction between substrate and oxidant with the protons of the methyl and phenyl groups of the substrate forming non-bonding interactions with the oxo ligand. The singlet-triplet crossing does not appear to happen along the sulfoxidation mechanism, but rather occurs as a spin-state crossover in the reactant complexes. to a triplet spin state with about two unpaired electrons on the MnO unit. Recall that in the reactant structures a singlet-triplet energy gap of 8 kcal mol -1 was obtained using the highest level of theory, and, hence the real crossing points may be well higher than that. Therefore, upon elongation of the Mn-O bond similarly to the scan in Figure 1 , the surface crossing is reached. These MECP structures can lead to a singlet-triplet crossing during the lifetime of the reactant complexes, but may not connect to the sulfoxide products and/or transition states. In the event of long-lived reactant complexes a thermal Boltzmann equilibration may populate the triplet spin state and lead to reactivity with sulfides on the lower energy surface. However, based on the energetic separation by the singlet and triplet spin state as calculated with NEVPT2:CAS, we expect the thermal occupation of the triplet spin state to be very small. Key bond lengths of the optimized low-spin transition state structures 1 TS SO,Z are given in Figure 2 . As follows for the series Z = N(CH 3 ) 2 to Z = NO 2 the Mn-CN distance gradually decreases from 2.071 to 2.052 Å, while the Mn-O distance elongates from 1.724 to 1.740 Å in an almost linear fashion. At the same time the O-S distance decreases from Z = N(CH 3 ) 2 to Z = NO 2 from 1.919 to 1.864 Å. These trends imply that an electron-withdrawing substituent, such as NO 2 , gives transition states with structures that are later on the potential energy surface (shorter S-O bonds) than substrates with electron-donating substituents, in agreement with what was observed previously on analogous systems. 40 All transition states are characterized with a single imaginary mode for the S-O bond formation with values in the range of i503 -i518 cm -1 .
The Hammett correlation for the enthalpy of activation of para-Z-substituted thioanisole in reaction with [Mn(O)(H 8 Cz)(CN)] -versus  P for the singlet and triplet spin sulfoxidation barriers are shown in Figure 4 . The values of log(k Z /k H ) were estimated from the enthalpies of activation, see Supporting Information for details. The computations reproduce experiment well for the singlet spin state only giving a "V-shaped" Hammett plot, regardless of the choice of functionals and basis sets, although the calculations give a slightly earlier mechanistic switch from Z = Br to Z = H with respect to experiment. In particular, the triplet spin barriers give a linear correlation between the Hammett  P value and log k Z /k H for the full set of substrates tested in the range from  P = -0.83 (Z = (N(CH 3 ) 2 ) to  P = +0.778 (NO 2 ). Clearly, the experimentally determined V-shaped Hammett plot cannot correspond to rate constants obtained through the triplet spin pathway. These results also imply that the spin-state crossing from triplet to singlet before the rate-determining step is unlikely, in line with the conclusion reached from the low spin-orbit coupling constants.
As computational trends often give a systematic error with respect to experiment as shown before, they do tend to correctly reproduce regio-and chemoselectivities of reaction, 41 as well as product isotope effects. 42 In particular, the computation gives a somewhat wider energy gap between the enthalpy of activation of the para-Z substituted thioanisoles with respect to the experimental trends. As a consequence the Hammett r-values are larger than those reported in reference 14a. The deviation between experimental and computational rate constants may have to do with the incorrect description of solvent and neglecting entropic and thermal corrections in the calculations.
Technically, the transition state can also exist in a triplet and quintet spin state and, therefore, we calculated the trends for sulfoxidation reactions on those spin states and show the results in Figures 4b and S1 . The calculated relative energies from DFT for the triplet and quintet spin states give a good match to those obtained from the NEVPT2:CAS (12, 11) calculations. However, despite the fact that the triplet and quintet barriers have structural similarities to the singlet spin state transition states, no mechanistic switch was observed when the rate constant ratio log(k Z /k H ) was plotted against the Hammett parameter. For the full set of substrates, a linear trend with positive slope was found. The calculated Hammett plots for the triplet and quintet spin states do not match with experiment, indicating that these barriers cannot be the rate determining step in the reaction mechanism. These findings also suggest that the spin-orbit coupling for the singlet-triplet transition is small and little or no conversion from singlet to triplet takes place during the lifetime of the reactant complexes. We conclude that the reaction most likely takes place on a dominant singlet spin-state surface. There is a spin state crossing to a more stable spin state only after passing the transition state, and this crossing then happens through thermal equilibrium of product complexes, forming a final quintet spin Mn(III) product as experimentally observed. 12, 13 To confirm these results, the spin-orbit coupling (SOC) constants for all systems were calculated (Table 3) . Values ranging from 2.9 cm -1 for para-OCH 3 -thioanisole to 5.0 cm -1 for para-Brthioanisole are found. These SOC values are very small and implicate little or no spin-state change and the highest probability will lie on the low-spin surface. These give further support for single-state reactivity on the low-spin state. As shown above the substrate sulfoxidation reaction by manganese(V)-oxo corrolazine complexes is dependent on the axial ligand bound to the manganese center and on the para-Z-substituent of the thioanisole substrate. In the following we will analyze the properties associated with these trends in detail.
Nature of the axial ligand on reactivity patterns.
Similarly to studies on manganese(V)-oxo corrolazine complexes reported previously 12, 14 as well as heme and nonheme iron systems, 43,44 the axial ligand can affect the reactivity properties of metal-oxo complexes dramatically. In particular, an electron-donating or electronwithdrawing axial ligand can influence the electron affinity of the oxidant and/or the pK a of the oxo group and, thereby affect the reactivity patterns and regioselectivity distributions as seen before, for instance in P450 chemistry. 45 In order to generalize and understand the axial ligand effects we set up a thermochemical cycle as shown in Scheme 3.
The top reaction in Scheme 3 represents the binding equilibrium of an axial ligand to the manganese(V)-oxo corrolazine with free energy difference G bind,Mn(V) . The bottom reaction, by contrast represent the binding equilibrium of an axial ligand to a singlet spin manganese(III) corrolazine complex with free energy difference G bind,Mn(III) . The oxygen atom transfer (OAT) reaction on the singlet spin state will lead to singlet spin manganese(III) products. However, the singlet spin manganese(III) products can through thermal collisions convert to the more stable quintet spin products afterwards. OAT, ox1 and G OAT,ox2 , respectively. Thus, for the Born cycle in Scheme 3, the sum of the four free energy values will be zero, Eq 1.
Therefore, the change in binding strength of an axial ligand to a manganese(V)-oxo versus a manganese(III) center will be equal to the free energy change of sulfoxidation between the axially ligated and non-axially ligated complexes, Eq 2.
(2) -is proportional to the free energy of activation change, then based on transition state theory, we can replace the OAT driving forces with the reaction rates for the oxidation reactions, and essentially the rate enhancement k ox1 /k ox2 . The correlation between axial ligand binding strength and rate enhancement with R being the gas constant and T the actual temperature is given in eq 3. Consequently, the stronger the binding strength difference between the four-coordinate manganese(III) and five-coordinate manganese(V)-oxo complex, the stronger will be the rate enhancement for substrate activation. Valence bond modelling of reactivity patterns. Previously, we used valence bond curve crossing diagrams extensively to rationalize reactivity patterns of iron(IV)-oxo oxidants with substrates. 48 These studies explained why the reactions were stepwise but also pinned down the electrochemical and thermochemical properties of oxidant and substrate that drive the reaction. The VB curve crossing diagrams give a rationalization of the electronic changes to oxidant and substrate during the oxygen atom transfer process. Figure 5 gives the two VB diagrams representing the nucleophilic and electrophilic reaction pathways for thioanisole sulfoxidation by
The landscapes start on the bottom-left with the reactant complexes, which are manganese(V)-oxo complexes in the closed-shell singlet spin state ( 1 A LS ) with orbital occupation [core]  yz 2  xy 2 a" 2 . Key bonds in the VB structures are indicated with two dots separated by a line. In particular, along the Mn-O bond there are interactions due to the  and * orbitals for mixing of the metal 3d xz and 3d yz atomic orbitals with 2p orbitals on the oxo group. The  xz /* xz pair of orbitals is depicted in red, while the  yz /* yz pair of orbitals is given in blue. The para-Zsubstituted thioanisole substrate (SubZ) is located in the vicinity and one of the sulfur lone-pairs is highlighted with two dots. Upon oxygen atom transfer some of the bonds break and electrons are migrated between groups as shown in the corresponding VB structures of the two possible product VB wave functions in part a and b. In VB theory, the reactant state connects to an excited state in the sulfoxide product, whereas the product wave function is linked to an excited state of the reactant wave function. Along the reaction pathway, the two wave functions cross leading to an avoided crossing that results in a transition state for the reaction. It has been shown that the excitation energy (G) from the reactant to the product state in the geometry of the reactants is proportional to the barrier height of the reaction, i.e. the energy difference between 1  R1 and 1  R1 * in Figure 5a . Therefore, we compare VB structures of the ground and excited state complexes in the geometry of the reactants to ascertain the properties of oxidant and substrate that determine the reactivity.
We consider two possibilities for the reaction mechanism, namely a nucleophilic and an electrophilic pathway. The nucleophilic pathway is shown in Figure 5a and includes a single bond formation between the substrate and oxo group. In the process, the  xz /* xz pair of orbitals along the Mn-O bond split back into atomic orbitals, i.e. 2p O and 3d xz,Mn , both with one electron, which will cost the system an amount of energy E ,xz . The radical in 2p O forms a bond with one electron from the lone-pair on sulfur, and the S-O bond formed will have an energy E SO, . The second electron from the lone-pair is transferred to the manganese, so that the excitation energy for the nucleophilic mechanism (G nucl ) essentially includes the one-electron ionization (IE SubZ ) of the substrate and the one-electron reduction of the oxidant (EA MnO ) as shown by Eq 4.
As shown in Figure 5a , the reactant has three sets of bonding orbitals along the Mn-O bond, namely the  z2 /* z2 ,  yz /* yz and  xz /* xz pair of orbitals, which formally gives the Mn-O interaction a triple bond of which we only show the /* pairs in the figure. However, upon thioanisole attack the triple bond is converted into a double bond as also seen from the distances displayed in Figure 1 as compared to the much shorter reactant Mn-O distances. The alternative reaction mechanism would provide us an electrophilic reaction with excitation energy G elec , Eq 5. Now the  xz /* xz and  yz /* yz pair of orbitals revert back into atomic orbitals and both lone pairs of sulfur form a bond with the two newly generated 2p orbitals on oxygen. In this process the substrate loses two electrons to the metal, so that the G elec value will be proportional to twice the substrate ionization energy plus the first and second reduction energy of the manganese-oxo complex. Of course the S=O bond formed with energy E S=O is now a double bond rather than a single bond in the nucleophilic pathway and is based on the energy to form the -bond (E SO, ) and the energy to form the -bond (E SO, ).
To understand the driving force for the switch of trend in the Hammett correlation, one can picture two reaction mechanisms leading to products, namely those described in Figure 5a and 5b, respectively. Pathway A can be formally described as oxidation of the oxo group by manganese(V) to form manganese(IV)-oxyl followed by radical coupling between the oxyl radical and sulfur radical into an S-O bond. This pathway will be followed by substrates with electron-withdrawing substituents such as NO 2 and compensates for the lower ionization energy of the thioanisole by delaying oxidation of sulfur until later along the mechanism.
To strengthen our hypothesis we evaluated values of G nucl and G elec for all substrates SubZ using Eqs 4 and 5 and subsequently converted those to sulfoxidation barrier heights by multiplying with a factor of 1/3. 49 The correlations of these parameters with the Hammett parameter  P are shown in Figure 6 . Thus, we calculated the oneelectron ionization energy of all substrates (IE SubZ ) and the one-electron reduction of [Mn(O) Then, we took half the energy gap between the  xz and * xz molecular orbitals in the singlet spin state as a measure for E ,xz and utilized the same procedure for E ,yz . Finally, the strength of the -and -orbitals along the S-O bond was estimated from the energy gap between the  SO /* SO and  SO /* SO orbitals from the individual isolated product structures. The resulting values of G nucl and -with substrate SubZ (Z = OCH 3 , CH 3 , H, Br, CN and NO 2 ) were calculated and converted into barrier heights and plotted versus the Hammett parameter  P of the substrate. As can be seen from Figure 6 , the value for E nucl gradually increases from Z = OCH 3 to Z = CN but dips slightly for Z = NO 2 . A similar trend for G elec is found although the slope is considerably different. As a result of that, the lowest reaction barrier for Z = OCH 3 and Z = CH 3 leads to a favorable electrophilic over nucleophilic pathway, whereas for the other substrates a more favorable nucleophilic pathway is predicted. The empirical values used in the valence bond model, therefore, predict reactivity trends in close agreement with those found experimentally even though a slightly earlier change from electrophilic to nucleophilic is found. Consequently, the VB diagram and VB analysis predicts a mechanistic change for substrate sulfoxidation by [Mn(O)(H 8 Cz)(CN)] -upon replacing the para-substituent from a strongly electron-donating group, such as OCH 3 , to a more electron-withdrawing substituent like CN or NO 2 . This unique profile is only found for the singlet spin reaction pathway via 1 TS SO,Z and not found for the triplet spin barriers. Therefore, the change in mechanism from nucleophilic to electrophilic is clear evidence of singlet spin reactivity without crossover to a higher spin state surface. Thus, the experimental Hammett plot represents the first example of proof of singlet spin reactivity originating from a closed-shell singlet manganese(V)-oxo complex.
Finally, note that computational modelling proposed spin-selective reactivity for several examples previously. Thus, substrate sulfoxidation by iron(IV)-oxo porphyrin cation radical complexes generally gives lower barriers on the doublet spin state than on the quartet spin state and thereby gives spin-selective reactivities with different reaction trends.
38,50 Furthermore, aromatic hydroxylation by iron(IV)-oxo porphyrin cation radical models often gives spin-selective reactivity too, through a rate determining electrophilic reaction step where two electrons are transferred from substrate to oxidant and hence gives different barrier heights on each spin state surface. 51 As such, these systems may very well give different Hammett plots for substrate sulfoxidaton and aromatic hydroxylation, but future studies will need to be done to establish these details.
Conclusion.
A series of detailed computational studies have been performed on the reaction mechanism of [Mn(O)(H 8 Cz)(CN)]
-with para-Z-substituted thioanisole substrates. This is a rare example, where a change in reaction mechanism is observed upon changing the para-Z substituent of thioanisoles. Our detailed computational analysis provides evidence that this mechanistic change can only happen on the singlet spin state surface in barrier 1 TS SO,Z , whereas no mechanistic change is expected on the triplet spin state surface. The experimental Hammett plot provides a means to identify the reactive spin state of a high-valent manganese-oxo complex, and highlights a low-spin reactivity pathway.
A range of density functional and ab initio methods up to NEVPT2:CAS(12,11) level of theory have been applied and tested the models and methods. The NEVPT2:CAS calculations predict well separated singlet and triplet spin states in the reactant structures by well over 8 -10 kcal mol -1 . Although during the reaction mechanism we find close-lying singlet and triplet spin state surfaces with an accessible spin-crossing point lower in energy than the sulfoxidation barriers, actually the spin-orbit coupling constant is very small. Therefore, theory predicts it to be unlikely that a spin-state crossing from the singlet to the triplet spin state will take place. The computational rate constants give a V-shaped Hammett plot for para-Zsubstituted sulfoxidation reactions in agreement with experiment. The mechanism and ligand and substituent effects are generalized with thermochemical cycles and valence bond theory, which confirm the hypothesis and explain the change in reaction mechanism from nucleophilic to electrophilic.
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